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SUMMARY
Infantile esotropia, a common form of strabismus with onset prior to 6 months of age, occurs at a time of rapid visual development. While monocular visual acuity is relatively unaffected in these patients, the majority of them fail to achieve fully normal stereopsis. In addition, Infantile esotropia is a form of constant strabismus that has its onset between birth and 6 months of age. I -3 The first 6 months of life are a critical period for the development of binocularity in humans. 4 , 5 Infantile esotropia is thus a particularly potent interruption of normal brain maturation. Acuity is equal. but mildly subnormal in infants with infantile esotropia prior to surgery 6 , 7 and up to 5-7 years of age. 8 Amblyopia is relatively infrequent in these patients, 3 especially in those who show spontaneous alternation of fixation. The infantile estropia model is thus relatively free of the confounding effects of reduced monocular vision secondary to amblyopia and of the effects on binocularity that might be unique to amblyopia ?
MOTOR ABNORMALITIES IN INFANTILE ESOTROPIA
The strabismus seen in infantile isotropia is frequently a stable, alternating. large angle esotropia. 3 The strabismus may be associated with defective abduc tion, excessive adduction. oblique muscle overaction, dissociated vertical deviation and latent nystagmus. These patients also exhibit a number of abnormalities in their ocular following responses that imply the presence of a nasalward-temporalward asymmetry at one or more stages of motion processing. Monocular optokinetic nystagmus (MOKN) is asymmetric in infantile estropia -the patients show a characteristically weak temporalward slow phase. I O -IS Fig. 1 shows MOKN recorded from a normal adult (top panels) and from an adult with a history of infantile esotropia (bottom panels). The target was a 1 cycle/degree (c/deg) grating drifting either nasalward or temporalward at 9.4 deg/s. MOKN is vigorous in both directions in the normal observer, but in the patient, nystagmus is vigorous only for the temporal-to-nasal direction in the visual field (i.e. nasalward motion). Pursuit eye movements in patients with infantile esotropia are also asym metric -these patients fail to track smoothly the temporal ward motion of small targets 16 and pursuit acceleration in the step-ramp task has significantly Upper panels: Monocular OKN records for a normal adult for nasal-to-temporal motion in the visual field (upper trace) and for temporal-to-nasal motion (lower trace). Vigorous MOKN is generating in both directions. Lower panels: MOKN records for an adult with a history of infantile esotropia. MOKN is markedly stronger for the temporal-to-nasal (nasalward) direction than for the nasal to-normal (temporalward) direction. The observers viewed a high-contrast I c/deg grafting drifting at 9 Infantile esotropia patients report that targets mov ing nasalward appear to be of a higher velocity than temporalward-moving targets with the same objec tive velocity. 9 However, two recent reports 2 4 . 25 have found evidence that the perceptual bias is opposite to that found by Tychsen and Lisberger. 9 The reason for the discrepancy of results is unclear at present, and more work is clearly needed. Infantile esotropia patients also report that a contrast reversing grating appears to drift A. M. NORCIA nasally ? 6 . 27 A reversing grating is a directionally ambiguous stimulus which contains components drifting in opposite directions. On the surface, it would appear that the nasalward component of the stimulus is dominant. However, the interpretation of the reversing grating findings in infantile esotropia patients is complicated by the effect latent nystagmus has on the retinal image. Even normal observers will report unidirectional drift when they make smooth tracking eye movements over a reversing pattern. The reported motion in normal observers is in the direction of the eye movement, which would be nasalward in patients with latent nystagmus.
Tychsen and Lisberger 9 suggested that asymme tries in pursuit eye movements and in perceived velocity imply that analogous asymmetries must be present at the level of visual cortex. Norcia and co workers 28 have found evidence for a cortical motion asymmetry in patients with a history of early onset esotropia treated after 2 years of age. They found that monocular oscillatory-motion visual evoked potentials (VEPs) from these patients contained both first (F I ) and second harmonic (F 2 ) compo nents, while normal, mature responses were domi nated by F 2 . Representative spectra from a normal adult, a visually mature infantile esotrope and a normal visually immature infant are shown in Fig. 2 . The mature response is dominated by second (F 2 ) and fourth (F 4 ) harmonics of the 6 Hz stimulus frequency. In contrast, the motion responses of both the normal infant and of the visually mature infantile esotrope contain prominent responses at the stimulus fundamental F l ' The presence of an Fl component is consistent with a directional asymmetry of cortical responsiveness. Moreover, the FI components have opposite temporal phase in the two eyes, indicating that the largest response from each eye had resulted from opposite directions of motion. This is illustrated in Fig. 3 which shows motion YEP responses at PI and F 2 for a normal adult, a normal infant and an adult with a history of infantile esotropia. The data are plotted in polar form, with the length of the vectors indicating the response amplitude and the angle indicating the response phase with respect to the stimulus. Both the infant and infantile esotropia patient have prominent Fl responses that are 180 deg out of phase in the two eyes. Unfortunately, the absolute direction of the asymmetry, nasalward or temporalward, cannot be recovered from the FJ data, since there is an inherent 180 deg phase ambiguity introduced by the unknown polarity of the response. Kommerrell and co-workers 29 have replicated Norcia et at.'s results for visually mature infantile esotropia patients. 24 30 
PLASTICITY OF BINOCULAR MOTION MECHANISMS FOLLOWING TREATMENT
Prior to treatment, infants with infantile esotropia display abnormal levels of motion asymmetry com pared with age-matched normal controls. Fig. 4 ).
Effects of Occlusion Therapy
Full-time alternate-day occlusion during the first and second years of life in patients with infantile esotropia has been shown to reduce the degree of motion asymmetry prior to surgery conducted during the second year. 3 1 Fig. 4 shows the asymmetry indices from the first and last recordings conducted during occlusion therapy (filled squares). There was a significant decrease in the degree of asymmetry, although the mean value attained after patching was still abnormal. The patients who had had no alternate occlusion therapy up to the time of recording showed a level of response asymmetry that is the same as that seen at the beginning of alternate occlusion therapy (compare the open square and the first filled square in Fig. 4) . Alternate occlusion may act by blocking an active mechanism, such as strabismic suppression, which may help to maintain abnormal levels of motion asymmetry. Westall and Shute 15 have reported that part-time patching can modify the degree of OKN asymmetry in amblyopic patients. The results of In a prospective study, the magnitude of the YEP directional bias has been shown to decrease sig nificantly after surgery for infantile esotropia, Fig. 5 shows the decrease in motion asymmetry found in eight infants after surgery for infantile esotropia at an average age at surgery of 1.5 years. After a post operative follow-up averaging 1.8 years, the patients showed significantly less YEP motion asymmetry than they had demonstrated immediately prior to surgery. Patients who achieved stable, accurate alignment early in life were found to maintain reduced levels of motion YEP asymmetry into visual maturity. Fig. 6 shows normal oscillatory motion VEPs recorded from four infantile esotropia patients 3.9-8.5 years after surgery. Lower levels of motion asymmetry were also seen in a larger group of patients who had been accurately aligned before 2 years of age compared with those who had been aligned later ? 7 Within the late-treatment group, a subgroup of patients who had experienced accurate alignment (less than 10 prism dioptres of residual deviation) after age 2 years fared no better than a subgroup with poorer alignment. The difference between the early and late treatment groups is consistent with the existence of a critical period in the development of binocular, direction-selective mechanisms. During this period, accurate alignment may be effective in promoting recovery of a more normal response. Taken together, the patching and surgery effects demonstrate that motion processing mechanisms are plastic within a developmental critical period and that they are dependent on the development of normal binocular interactions.
Effects of Age of Onset of Strabismus
Unlike normal neonates or patients with early onset strabismus, patients with an onset of esotropia after about age 2 years do not show pronounced nasal ward-temporal ward direction biases in their motion VEP, 38 MOKN 15 or pursuit eye movements. 16 , 39 To date, none of the studies of motion asymmetries in late onset esotropia have been prospective. It is thus not clear whether their relative lack of direction biases is the result of never having had them in the first place (e.g. if the strabismus developed after the critical period) or if they lost asymmetries after treatment.
TENTATIVE LOCALISATION OF THE VEP GENERATOR
YEP directional biases, such as those that are present in normal infants and in patients with disrupted binocularity, may be based on a population of direction-selective cells that have failed to attain normal binocularity. One can infer that the mechan isms tapped by the oscillatory-motion YEP are normally binocular simply because normal binocular interaction in infancy is crucial in determining whether this response is normal. Chandna, Norcia and Peterzell 4 0 provided direct experimental evi dence that the oscillatory-motion YEP is tapping binocular, direction-selective mechanisms by show-
ing that a direction-specific motion aftereffect could be seen in the oscillatory-motion YEP after adapta tion to unidirectional drift, and that this aftereffect transferred interocularly. Neurons that are both binocular and direction selective are common as early as area V1 in monkey. 4 1 Cortical areas V2, 4 2 , 4 3 V3,4 3 ,44 MT,4 5 ,4 6 and MST4 7 also contain popUlations of cells that are both directionally selective and sensitive to binocular disparity. It is not yet possible to localise the YEP with confidence to a particular cortical area, but our derivations would favour striate or first-tier extra striate areas. A first attempt at localising the motion VEP asymmetry was made utilising an animal model of interrupted development. In this study, the animal was raised with alternating monocular exposure during the first 16 weeks of life, achieved by means of an opaque contact lens that was alternated between the two eyes on a daily basis. The animal failed to develop stereopsis and had asymmetric MOKN at the time the deprivation period ended. The animal also developed strabismus, which was present at the time of the recording at 1 year of age. The results of a depth recording in area V1 are shown in Fig. 7 . Local field potentials were recorded with a bipolar microelectrode pair (tip separation of 300 /-Lm) that restricted the recording to area VI. The local field potential contained significant F 1 compo nents that were 180 deg out of phase in the two eyes -the characteristic response pattern found in the surface YEP of normal neonates and infantile esotropia patients. * *The recording site was marked with an electrolytic lesion and the pattern of scarring indicated a site in upper layer 4. 
)
It is not clear at present whether direction asymmetries exist in other cortical areas beyond striate cortex, or whether there is more than one cortical or subcortical mechanism involved in the full range of perceptual and oculomotor asymmetries.
However area VI projects both to extrastriate area and subcortically 4 9 and an asymmetry at this level might be expected to propagate both to higher and lower levels. On the other hand, rather than having a single source (VI) which defines the symmetry of motion processing for all other areas, there may be A. M. NORCIA multiple sites at which developmental motion asym metries arise through independent mechanisms. Early interruptions in binocularity may affect such sites to the extent to which they are within their critical periods of development. If each putative subsystem had an early developmental sequence, different functions could appear to be correlated when in fact they arise from separate substrates. The truth may, in fact, lie in a mixture of semi autonomous but interacting cortical and subcortical mechanisms.
